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Abstract
When vertically presented patterns are fixed in relation to the point of choice of the bees, the locations of areas of colour or
black can be discriminated in the vertical direction, and in the horizontal direction when the bees use some mark with green
contrast on which to stabilize. The bees can fixate on a radial pattern, a spot, or a ring of spots. Resolution depends on fixation,
which depends on green contrast, but the discrimination of locations then depends on the photon flux at green and blue receptors.
The model proposes that, when the eye is stabilised, a tonic channel from all receptor types is activated in the region of the eye
that looks at the cue. This channel generates a perceptual space in which location, colour and size contribute to a signature for
each cue in each eye. In other channels of processing, the stimulus is the phasic modulation of green receptors by edges, and these
pathways are colour blind. When the patterns are composed of bars, the cues are the radial and tangential edges and the
integrated edge orientation, irrespective of shuffling of locations on the target. Orientation can be detected in fuzzy edges with a
gradient of black to white over about 60° subtended from the point of choice. These cues correspond to the response profiles of
large-field, phasic, coarsely tuned filters. There is no evidence that cues from edges have a spatial tag. The model also proposes
that each filter for average orientation, or radial or tangential edges, corresponds to an ascending succession of phasic neurones.
Each processing channel generates a perceptual space where combinations of related cues form signatures, and at least one
signature is passed to memory as an index item. A pattern may generate several signatures but patterns are discriminated only
when their signatures differ. In the bee there is no evidence for the re-assembly of the pattern. © 2000 Elsevier Science Ltd. All
rights reserved.
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1. Introduction
Without inserting electrodes to record from identified
neurons, there are two ways of discovering what insects
perceive visually. First, the behaviour is observed as the
insect responds to a natural stimulus. There are numer-
ous responses to mates, prey, predators, nest sites,
water surfaces, colours and polarized light patterns, but
analysis of mechanisms is impossible when all we have
are the successful responses in a system with many
parallel pathways.
Secondly, honeybees can be trained to discriminate
between a pair of patterns that are interchanged in
position at regular intervals so that the bees have to
identify them visually from a distance. The patterns can
then be experimentally manipulated. From suitable
tests, it is possible to infer the cues used by the bees. As
discussed recently, there are pairs of simple patterns
that they fail to distinguish, so there cannot be a
retinotopic copy of the image (Horridge, 1999c). The
relatively small brain is limited in its processing power.
The memory stores only a few index items derived from
cues. Currently, the understanding of bee pattern vision
from behavioural experiments is the progressive iden-
tification of these cues.
If bees are trained to discriminate between a pair of
patterns that are fixed relative to the bees’ point of
choice, a successful result gives the impression that the
group of bees learns the pattern, but in fact each may
be using only a single cue. This is the main problem in
interpreting old work. The experiments below follow
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the strategy of randomizing the locations of all cues
except the one that is consistently presented (Lehrer,
Srinivasan, Zhang & Horridge, 1988; Van Hateren,
Srinivasan & Wait, 1990). More significantly, if the bees
fail to discriminate between two patterns that differ, we
can say with certainty that they have detected no useful
cue in the difference between the patterns. This strategy
provides a logical framework for separating the cues
one by one.
The experiments have all been done in the Y-choice
maze (Fig. 1) that was first employed to measure the
resolution in pattern discrimination (Srinivasan &
Lehrer, 1988), with the addition of transparent baffles
that force the bees to halt in flight at a known distance
from the targets (Horridge, 1996b). The bees become
familiar with this apparatus, which provides them con-
stant spatial coordinates. In most of the experiments,
the patterns are changed every 5 min, and the bees are
trained or tested with respect to one consistent cue.
Recently it was found that merely alternating two
patterns every 5 min (as done in Figs. 5 and 8) is
sufficient to eliminate cues from locations of areas of
black or colour (Horridge, 1997b). When the cues that
are used by the bees are discovered, and other differ-
ences between patterns shown not to provide cues, a
great deal of earlier work can be re-interpreted.
2. Materials and methods
2.1. Apparatus
In the Y-choice apparatus (Fig. 1), the targets face
the open sky but are out of direct sunlight. The walls of
the apparatus are of white card, the top is of clear
Perspex. Unwanted recruits tend not to find the circular
entrance hole, and go to another more obvious feeder
nearby, with a weaker sugar solution. The baffles, of
transparent ‘Artistcare Drawfilm’, 0.13 mm thick, are
set in a cardboard frame 1 cm wide. The criterion for a
successful choice is whether the bee passes the correct
baffle. The 5 cm diameter hole at the centre of each
baffle is surrounded by a black annulus 0.5 cm wide.
With the baffle at a distance of 27 cm, the targets of 25
cm diameter subtend an angle of about 50° at the point
of choice. The targets have a hole 2 cm in diameter at
the centre, in positive ones for access to the reward and
in negative ones leading to a blind tube. With a plain
white target, the bees usually fly directly towards this
hole. When the bees leave the reward hole, they may
rise up and exit by walking over the baffle. Baffles were
introduced in 1995, and earlier results show that with-
out them, the bees were less likely to fixate.
2.2. Training the bees
The bees came from a local hive 100 m from the
experimental apparatus and could return to it for an-
other reward in 5 min. The reward is a fresh aqueous
solution of sucrose sufficiently concentrated to keep the
marked bees making regular visits without recruiting
unmarked bees. During training, the side of the positive
target and of the reward with it are changed every 5
min to prevent the bees from learning which arm of the
apparatus to choose, but in the figures the rewarded
pattern (labelled in the illustrations) is always shown
in the left column. Usually the bees were trained on one
pair of patterns for 10 min (5 min on each side), and
then the patterns were rotated or exchanged for another
pair for 10 min. This process continued all day.
The bees are individually marked with two out of five
colours on the thorax and abdomen, and a record is
kept of the choices of each. The group of bees makes a
total of 5–15 visits between each change of pattern.
Only the first choice in each 5 min period was recorded.
After an initial training period of 2 h, the number of
correct choices was counted in each block of 20 choices,
while training continued. These results are called ‘train
and test’. In other experiments, labelled ‘test’, the
trained bees were tested with a different pair of patterns
from those in the training. It is essential to give a
reward in tests, or else the bees continue to search for it
and confuse the arriving bees. The reward is given in
tests alternately on the negative and the positive pat-
tern, to prevent the bees learning the test pattern.
Actual scores are influenced by the duration of the
training. In each experiment the aim was to see whether
or not the bees can learn to discriminate in not more
than 3–4 h.
In the following experiments there is no question that
the patterns are resolvable by the bees. Previous work
has shown that the resolution of the bee’s eye for the
Fig. 1. The Y-choice apparatus, which stands outside on a table
under a roof. The top is transparent Perspex. The air pipes extract
odours. The targets and the reward change sides every 5 min to
prevent the bees from learning which side to go, but in the illustra-
tions the positive target is always on the left.
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Fig. 2. Translocation of horizontal panels is resolved with either no
blue or no green contrast. (a) The bees are trained with targets of two
colours that show either no contrast to the green or to the blue
receptors. (b, c) The trained bees are tested with the same targets that
have had one of the panels replaced by black or by white. They
discriminate correctly the location of the remaining colour irrespec-
tive of the gross changes in contrast (d–f) The same with four panels
(for further details, see Horridge, 2000a).
measured with the same Y-choice apparatus with no
baffles (Srinivasan & Lehrer, 1988).
2.3. Patterns and calibrations
The patterns are made of white, grey, black or
coloured papers of constant quality. The grey and black
patterns are made on a Hewlett Packard Laserjet 4M
printer. The coloured papers (Figs. 2 and 3) were
Canson Nos 374 buff, 384 fawn, 590 dark blue and 595
light blue, obtainable from Canson Australia Pty, 17
Metropolitan Ave, Nunawading, Victoria, Australia.
The reflectance spectra were measured with a PC 1000
Fiber Optic Spectrometer, near noon and again in the
mid afternoon with the normal ambient illumination of
the experiments. The detector, which has a spot field,
was placed at the choice point of the bees with the
papers at their place in the training and tests. The
measurements to three significant figures covered a
range from 290 to 830 nm, spanning 1035 data points
with a resolution of 0.52 nm on average. In the condi-
tions of the experiments, in indirect light, the reflection
of ultraviolet from these papers is not measurable, so
the bees’ ultraviolet receptor cannot be implicated.
The computerized calibration equipment generated
digitized values in numbers of quanta at 10 nm inter-
vals. These were multiplied over the range from 380 to
620 nm with the known spectral sensitivity curves of the
bee receptor types. The products were summed to give
equal black and white stripes of a parallel grating is
equal for vertical and horizontal gratings, and is ade-
quate to give at least 65% correct choices at a period of
4° per stripe period, which falls to 50% at 3° per period,
Fig. 3. The effect on the discrimination of translocation in the horizontal direction when a feature that promotes fixation is added. (a) The bees
are trained with targets of two colours that show either no contrast to the green or to the blue receptors. Unlike Fig. 2a, discrimination requires
green contrast. (b) Addition of a black star restores discrimination, but a 55% grey star is ineffective. (c) Surrounding the targets with black
restores discrimination (d) Translocation of two 20° spots with no green contrast is not discriminated but (e) two 8° spots are discriminated when
radial bars are added. (f) The two 20° spots with no green contrast are discriminated when a black spot is placed at the centre (for further details,
see Horridge, 1999b).
A. Horridge : Vision Research 40 (2000) 2589–26032592
the relative receptor excitation of the blue and of the
green receptors separately, for each paper. From these
values the relative modulations in the receptors pro-
duced by different combinations of papers were calcu-
lated, following Giger and Srinivasan (1996). The
emission curves, contrasts and further details are pub-
lished elsewhere (Horridge, 1999a,b).
2.4. Statistics
A successful discrimination is a performance statisti-
cally better than 50% choice of the rewarded target.
The exchange of patterns on the two sides of the
apparatus, and counting only each bee’s first choice in
each 5 min, ensures that the choices are independent.
Two estimates of the variance have been made. In the
first, the choices are taken in blocks of 20 in the order
of recording them, and the mean number of correct
choices and its standard deviation between blocks are
calculated for up to 40 of these blocks. These results are
converted to percentages of correct choices. This value
of the SD is given without brackets with the total
number of choices. The smaller the blocks, the larger
the SD for the same total number.
The second method, first used with bees by Fried-
laender (1931), assumes that the individual choices are
independent and have a binomial distribution about the
mean all taken together in a single block. An estimate
of the (SD) is then 
[p(1p):n ] where p is the fraction
of correct choices and n is the total number of choices.
The (SD) estimated from this formula is given in brack-
ets after each score. By this method a score of 60%
based on 200 choices is more than three times the
estimated standard deviation away from the null (ran-
dom) hypothesis of 50%. The second method usually
gives smaller values than the first method. A perfor-
mance of two SDs or three estimated (SDs) away from
50% is accepted as significant. The SDs are omitted
when the result is close to 50%.
The critical factor, however, is the duration of the
training. The aim of the experiments is to discover
whether the bees can discriminate (\60% correct) or
not after 2 or 3 h of training, but if they cannot, it is
necessary to continue to try to train them all day, to
prove the point.
3. Results
3.1. Discrimination of translocation of fixed coloured
panels
In the two experiments that follow, the bees learn to
discriminate in some cases but not others between two
simple patterns that differ in the relative locations of
two coloured patches (Horridge, 2000a). Let us start
with horizontal bars that range from large patches of
colour down to fine gratings. The coarsest of these has
a panel above the reward hole and a different one
below it (Fig. 2a).
In the rewarded target, the upper half is light blue
595 and the lower half is fawn 384, giving no contrast
to the green receptors where the panels meet. After
training for 3 h, the result was 79.0%94.5% (2.3%), for
the next 300 choices. Similarly, with the same targets
made from buff 374 and dark blue 590, giving no
contrast to the blue receptors where the panels meet,
the result was 77.0%94.1% (2.4%) for the next 300
choices. These results tell us that the bees do not rely
on blue or green contrast.
The trained bees were tested with new patterns in
which one of the colours was replaced by black (Fig.
2b) or by white (Fig. 2c). This has the effect of drasti-
cally changing and in some cases reversing the contrast
at the boundary between the two panels. Having
trained with no green contrast, the result with one
panel replaced by black was 56.0%93.7% (3.5%), n
200, and with white it was 55.0%94.2% (3.5%), n
200. Having trained with no blue contrast, the result
with black was 63.5%95.0% (3.4%), n200, and with
white it was 70.5%95.1% (3.2%), n200. The bees
ignore the large changes and continue to discriminate
the colour and location of the remaining coloured
halves of the patterns.
The results show that the bees see the location and
colour of at least one panel. They do not show that
each bee discriminates both colours because some bees
may rely upon one colour and others upon the other
colour. To show that individual bees learn both
colours, the tests would have to be repeated with
individual bees.
A new group of bees was trained with four horizontal
bars made with 595 light blue at the top in the positive
target, and 384 fawn below it, giving no green contrast
(Fig. 2d). After training for 2 h the result was 65.2%9
5.6% (2.1%), n500 over the following 5 h. With the
same patterns in black and white, the performance was
70% correct after 2 h training, n200 (not illustrated).
With 590 dark blue (at the top  ) and 374 buff below
it, giving no blue contrast where the panels meet (Fig.
2d), after training for 4 h the result was 67.5%93.9%
(3.2%), n200.
The bees trained with four bars, no green contrast,
were tested with patterns in which one of the colours
was replaced by black (Fig. 2e) or by white (Fig. 2f).
The result with black was 64.7%92.9% (3.1%), n
240, and with white it was 62.3%94.6% (2.7%), n
340. As with two panels, reversing the contrast at the
boundary between the panels, reduces the performance
but there is no reversal of the preference.
With the same arrangements, the number of bars in
the pattern was increased to six and then eight. The
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performance falls off with decreasing width of the bars,
irrespective of no green or no blue contrast, and ap-
proaches a resolution limit near 5°. When the panels
are horizontal, the resolution is remarkably good, as if
the bees in flight are stabilized in the pitch (vertical)
direction (Horridge, 1999b).
3.2. Resolution depends on fixation
In this experiment, the bees fail to discriminate two
targets that are similar to those in Fig. 2a but turned
through 90° (Horridge, 1999b). In the rewarded target,
the left panel is fawn 384 and the right panel is light
blue 595, with no contrast to the green receptors at the
midline (Fig. 3a). In the negative target the two sides
are reversed. After 3 h training with the targets fixed
relative to the point of choice, the result was 51.7%
correct for the next 300 choices over a period of 4 h.
The bees find the task impossible or take a long time to
learn the locations although the areas of colour are very
large.
In daylight there is a large photon flux in both
receptor types, so the colours of the panels must be
apparent to the bees, as in Fig. 2. The difference
between this result and that in Fig. 2a is explained, not
by the resolution, but by the need to stabilize the eye in
the yaw (horizontal) direction.
With the same targets made from buff 374 and dark
blue 590, giving contrast at the vertical dividing line to
the green receptors but not to the blue receptors, after
4 h training the result with a new group of bees was
67.0%94.2% (2.2%) correct for the next 500 choices.
The green contrast is sufficient to provide a reference
mark.
When a black star is added to both targets of 595
and 384, in which there is no green contrast, the
translocation is discriminated quickly and well (Fig.
3b). The result was 63.0%94.0% (3.5%), n200. The
star is deliberately made with angles of 45 and 90°,
which are the least discriminated angles (see Fig. 6), but
the exact form of the star is unimportant. When the
star is made of grey paper strips of 55% black, so that
it has no contrast to the green receptors against either
panel, the result was 49.3%, n300. Discrimination
fails because the green contrast of the star was its vital
contribution. The value of 55% was obtained by cali-
brating both 595 and 384 papers against a range of
shades of grey in a different project (Horridge, 1999a).
Next, a new group of bees was trained to the plain
panels with no green contrast (Fig. 3a) with the sides
and bottom of the whole apparatus (Fig. 1) covered
with dull black paper (Fig. 3c). As seen from the choice
point of the bees, the patterns stand out with black all
around. After training for 3 h the result was 78.0%9
3.2% (2.8%) for the next 200 choices (Fig. 3c). When a
reference point is provided by the surround, the lack of
green contrast at the vertical boundary between the
panels is irrelevant to the discrimination.
In the next part of the experiment, both targets had
two large spots subtending 20° at the point of choice.
The positive target (Fig. 3d) has a 384 fawn 20° spot on
the left and a light 595 blue 20° spot on the right, both
on a background of 55% black, on which both spots
give no contrast to the green receptors. After 2 h of
training the result was 53.5%, over the next 200 counts.
On other days, after 6 h of training the results were
50.5%, n200, and 52.0%, n200. Clearly, the bees
find no clue with 20° spots with no green contrast. With
no blue contrast, however, the result was 64.0%92.9%
(2.7%), n300 after 2 h training.
To promote fixation, a pattern of radial black bars
was added. With no contrast to the green receptors for
either spot, the result with two 20° spots was now
64.4%94.4% (2.1%), n500 (not illustrated). When
the star itself is made of blue 595 paper, discrimination
is lost, which agrees with the conclusion from the data
as a whole that the black stars provide green contrast
(see Fig. 3b with a grey star).
When the two spots without green contrast each
subtended 8° at the point of choice on a grey 55%
background with the black star added (Fig. 3e), the
result after 4 h training was now 63.6%94.5% (2.4%),
for the next 400 choices. As a control, the spot size was
reduced to 4° on the next day, with the same black star.
The result was now 52.3%, n300, showing that there
is a limit to the discrimination of the spots.
When a black annulus subtending 12° at the point of
choice is placed around the reward hole (Fig. 3f), the
result after 4 h training was 65.5%94.5% (2.1%), n
500. However, the bees fail when a large black spot
subtending 8° at the point of choice is placed in the
centre of each 20° coloured spot. The result after 4 h
training was then 54%, n200 (not illustrated). The
translocation of the spots is discriminated when the
attention of the green receptor pathway is drawn to one
reference point, but not when drawn to the spots
themselves.
In conclusion, the up:down translocation can be
discriminated very well without green contrast, as if the
eye is already stabilized in the pitch (vertical) direction.
Left:right translocation can be discriminated when the
bees have a reference point with green contrast on
which to stabilize the eye in the yaw (horizontal) direc-
tion. The implication is that the bees learn the location
of a colour when it is repeatedly seen by the same
region of the eye, and they can discriminate it again
when the colour is again brought to this region of the
eye, but the reference mark must have green contrast.
The discrimination of location then depends on the
area of colour, not on blue or green contrast at edges,
and the signal is the photon flux at both green and blue
receptors.
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Fig. 4. Ability to learn the orientation of a bar depends on whether
the bar is presented in corresponding quadrants on the rewarded and
unrewarded targets. (a) Non-corresponding quadrants and no dis-
crimination. (b) Corresponding quadrants, with discrimination. The
targets are changed in the order 1, 2, 3, 4, every 5 min. (for further
details see Horridge, 1998). Similar results are found with discrimina-
tions of location and size.
implies that the discrimination of a vertical axis of
bilateral symmetry may depend on collaboration be-
tween the two eyes. Quite different experiments show
that when an orientation has been learned by one eye,
the bees fail when tested on the other eye (Giger &
Srinivasan, 1997).
3.4. Graded edges
The receptors of the bees’ eye have angular sensitivity
functions about 2° wide at the 50% level of sensitivity,
so that edges become fuzzy with increasing range. In
addition, an edge which is graded may spread across
several fields of adjacent receptors, so that the question
arises whether it is still detected as an edge with an
orientation.
To investigate whether fuzzy edges are detected, the
bees were trained to discriminate between a rewarded
target with a sharp edge which sloped from top left to
bottom right, and an unrewarded target with the oppo-
Fig. 5. Discriminations of orientation of fuzzy edges. (a) The bees
were trained to discriminate between targets with the sharp edge
sloping in opposite directions, alternating between 1 and 2 every 5 or
10 min so the locations of areas are useless as cues. (b) The trained
bees were then tested with edges that graded from black to white in
74° as seen from the point of choice. They discriminate, but naive
bees cannot be trained on the 74° edge. (c) The bees were trained to
discriminate between targets with the edge graded from black to
white in 37°, alternating between 1 and 2 every 5 or 10 min. (d) The
bees were trained with a fuzzy grating of period 13.4° (for further
details, see Horridge, 2000c).
3.3. Presentation to the two eyes
The above experiments show that the process of
learning the translocation of two colours is greatly
improved when the bee can bring the image back to the
same place on the eye. This idea is hard to test by
controlling the motion of the bee. However, the posi-
tion of the cue on the target is found to have a strong
effect.
In the next experiment, the cue is edge orientation
and location is excluded as a cue. The rewarded target
has an oriented bar which is moved to the next quad-
rant every 5 min, keeping its orientation (Fig. 4). The
unrewarded target has a bar at right angles in the
opposite quadrant, also moved every 5 min so that bar
locations cannot be learned. The bars alternate between
being radial and tangential, and the consistent cue is
their difference in orientation. The bees fail to discrimi-
nate (Fig. 4a).
Next, a new group of bees was trained with the same
patterns but with the sequence changed so that the bar
is presented in corresponding quadrants of the two
targets (Fig. 4b). The bees discriminate this task, and
subsequent tests show that they have learned the orien-
tation cue (Horridge, 1998).
The difference between the two results is that the
orientation cues can be compared only if the choice
available to the bee is presented at the same place
relative to a reference point during the training. The
first point is that the bee does not centre its attention
on the bar, otherwise it would have discriminated the
orientation of the bar wherever it was seen. The second
is that the comparison between positive and negative
cues must be done in one eye or the other. This result
A. Horridge : Vision Research 40 (2000) 2589–2603 2595
site orientation (Fig. 5a). Target pairs 1 and 2 were
alternated every 5 or 10 min, so the bees could not use
the locations of the differing intensities as cues. The
only consistent cue was the orientation of the sloping
edge. After 3 h of training, the result was 69.6%,
n240 (Fig. 5a). The alternating polarity of the edge
does not cancel the responses of the edge detectors.
The trained bees were tested with graded edges with
a linear gradient from black to white over 36 cm on the
target, which is a gradient over 74° as seen from the
point of choice (Fig. 5b). The gradient causes at most a
3% difference in intensity between neighbouring facets
up or down the gradient. Tests alternated between
targets 1 and 2 as before. The average for both together
was 58.8%, n240. The experiment was done this way
round because it is known that a difficult orientation
discrimination is made easier when the bees have first
been trained to look for the correct orientation (Weh-
ner, 1971). Another group of bees, trained in the same
way to 66% correct (Fig. 5a), was tested with a gradient
from black to white in 37° (Fig. 5c), with a result of
62.8%, n300. The bees find the orientation cue.
In the converse of the above experiment, the bees
were trained on the graded edges with alternation of
patterns 1 and 2 every 5 or 10 min. Trained with a
gradient that extends from black to white over an angle
that subtends 74° at the point of choice (Fig. 5b), after
3 h of training, the result was 52.6% correct, n300.
Although they perform better when they are previously
trained on sharp edges (Fig. 4a), evidently they cannot
learn the task from these graded edges within this time.
However, when trained with gradients that extend 37°
from black to white (as in Fig. 5c), after 4 h of training,
the performance was 61.6% for the next 450 choices.
Tests of the trained bees with a single oblique bar on
each target show that they have learned the orientation
cue. A gradient over 37° causes at most a 5% difference
in intensity between neighbouring facets up or down
the gradient, so the orientation cue is recovered from
remarkably fuzzy edges.
When trained with regular striped patterns of trian-
gular profile (Fig. 5d), a new group of bees performed
as well as with a sharp-edged grating. The gratings had
a period of 13.4° as seen from the point of choice, with
edges graded linearly between black and white over
6.7°, and were rotated by 180° every 5 min to eliminate
the locations of black as cues. The result after only 2 h
training was 74.8%.
3.5. Patterns of black bars on a white background
When the pattern is composed of black bars on a
white background, the bees use mainly the cues derived
from edges rather than the locations of areas of black.
For example, when the bees learn a difference between
the orientations of fixed bars on each side of the target,
the orientation is still discriminated in tests in which the
bars are moved (Fig. 6a–c). However, it has never been
shown that two orientations can be discriminated sepa-
rately on one side of the target. Two different orienta-
tions interfere; for example, the short edge of a black
rectangular bar reduces the orientation cue of the
longer edge (Wehner, 1971) and equal lengths of bars at
right angles (Fig. 6d,h) cancel the orientation cue (Hor-
ridge, 1996a). The bees can use only the average of the
edge orientation on each side of the target (Fig. 6a–i).
As is evident from failures to discriminate between
many pairs of fixed patterns of four bars, the separate
locations or orientations of the individual bars are not
available as cues (Fig. 6d,h,i). In terms of filters, when
there are several orientations within the field (the whole
eye), the orientation filters are fully excited whatever
the orientation of the pattern, and so cannot discrimi-
nate differences (Srinivasan, Zhang & Witney, 1994).
Bees also discriminate between radial bars on one
target and tangential bars on the other (Fig. 6e,f)
irrespective of the rotation of the target. They can use
the average of the radial edges versus the average of the
tangential edges even when there are several bars at
various orientations. Rotating the targets makes no
difference to radial:tangential cues, but even in fixed
targets subtending less than 50° the bees do not use the
separate locations of the bars as cues (Fig. 6h,i,l). If
orientation and radial or tangential cues are lacking,
there is no discrimination of other differences in the
edges, for example in the positions of the bars relative
to each other (Horridge, 1996a, 2000b).
To detect radial symmetry, the visual system must
have some detectors with radial symmetry, and the
number and variety of the axes of symmetry has been
be investigated. When a radial pattern promotes fixa-
tion on the target, or any radial pattern is discriminated
from quite a different pattern, the angles between the
radial edges are of no importance. The bees fixate and
resolve the pattern as if they have many detectors for
radial edges that are not labelled with particular angles
relative to the vertical or with a particular number of
axes of symmetry. This would be explained by detectors
for any radial bar or for radial bars at random angles
to each other (Horridge, 2000b).
When one fixed pattern of radial edges or thin bars is
discriminated from another radial pattern, however, the
bees discriminate the rotation of patterns of three or six
equally spaced radial bars more readily than those with
four, five, seven or eight bars (Fig. 6g–l). They respond
as if they have some detectors with three and others
with six axes of symmetry. They also discriminate more
readily between different radial patterns, irrespective of
rotation, when the angles between radial bars are 30°,
60°, or 120° in one of the patterns (Fig. 6m–r), than
when these angles are absent in both patterns (Hor-
ridge, 2000b).
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Fig. 6. Discrimination of patterns of bars. (a–f) Fixed patterns of bars at right angles (Horridge, 1996a, 1997b). (a) Discrimination of the separate
orientations on the two sides. (b, c) The trained bees discriminate the bars in other positions. (d) No discrimination when the symmetry axes, and
global orientation, radial and tangential cues are the same on the two targets. (e) Discrimination between radii and tangents. (f) Discrimination
of a radial from a tangential cue (no matter how the targets are rotated). (g–l) Discrimination of rotation of fixed radial patterns if there are three
or six bars (Horridge, 1997a). (m–r) Randomly rotated pairs of patterns that differ in the angles between the bars. The bees discriminate when
at least one pattern has angles of 60° or 120° (for further details, see Horridge, 2000b).
The use of patterns of bars has been the principal
method of manipulating the stimulus in the exploration
of the orientation, radial and tangential cues from
edges. In the model, these cues correspond to the
sensitivity profiles of groups of large-field, coarsely
tuned neurones which collect from local phasic edge
detectors and integrate the orientation, radial or tan-
gential edges within their fields. Defining the various
cues made it possible to separate the channels used for
these discriminations (see Fig. 9).
3.6. Rings of black spots
The next two experiments test whether a pattern of
spots can be detected by global cues in a similar way to
a pattern of edges. A number of spots are arranged in
a ring on each target. The spot sizes are arranged so the
total area of the black is the same for all targets. First,
the targets are fixed relative to the point of choice for
the period of the training (Fig. 7a–g). The bees are able
to discriminate the rotation for any number of spots up
to at least eight in the ring. The cue must be the
location of at least one of the spots relative to some
feature, possibly the reward hole at the centre or the
ring of spots as a whole. With fixed targets, however,
and success with each pattern, the experimenter cannot
discover the cues.
Next, the negative target has one spot more than the
positive target and both targets are rotated at random
every 5 min (Fig. 7h,i). The bees are unable to discrim-
inate the difference, even between two and three spots.
Clearly they do not count the spots or see the relation
between them.
Finally, the centre of the ring is off-set by 35 mm
from the centre of the target, and the target is rotated
every 5 or 10 min by an exact multiple of the angle
between spots, so that the positive target has one spot
at the top and the negative target always has two spots
at the top (Fig. 7j–n), but the locations of all the spots
change by up to 70 mm (14.5°) relative to the geometry
of the apparatus. If the bee fixates upon the ring of
spots as a whole, the spots will be projected to constant
positions on the eye, and the result might be expected
to be similar to that in Fig. 7a–g. If the bee fixates on
the reward hole, or with the aid of the geometry of the
apparatus, however, all the spots change their positions
every 5 or 10 min and learning the location of any spot
on the target is impossible.
With this strategy, some of the results are unex-
pected. The result with three spots was consistently
55–58% all day after an initial training of 3 h. A few of
the bees learned the task at a low level. With four and
five spots (Fig. 7k,l), the bees fail completely, although
the training was continued all day. With six spots,
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however, after training for 3 h the result was 61%,
n300 and after 5 h was 64%, n400 (Fig. 7m). As a
check, this training was repeated with a new group of
bees and new patterns on a different day, with a result
of 62.9%, n240 after 3 h training. With seven spots in
the ring, the result was 60.25%, n400 after 3 h
training (Fig. 7n).
In these experiments, the additional task with the
off-centre rings, is for the bee to fixate its attention on
the ring, not on individual spots or on the reward hole.
Only when this is done, the spots can be located. A
substantial ring is needed to make the fixation effective.
Presumably, when the spots are close enough together,
the bee fixates on the whole ring with its filters for
circular cues (Horridge & Zhang, 1995). Even after
fixation, the only cues available are the locations of the
spots.
These experiments are a reminder that to discrimi-
nate locations of areas the bees must be able to fixate,
and when the cues are from areas rather than edges,
there is no special attribute of six axes of symmetry. On
the other hand, when edges predominate, as they do
Fig. 8. Orientation of bars and rows of spots. In each experiment the
two targets are identical, and are rotated by 180° every 5 or 10 min
between positions 1 and 2. (a) Two horizontal or vertical bars on
each target are well discriminated. (b) In similar positions, rows of
four spots, each subtending 7°, separated by 5°, are not discriminated.
(c) Making the spots almost touch (1° separation) improves the
discrimination. (d) In a different arrangement, spots separated by 5°
are not discriminated (for further details, see Horridge, 2000c).
Fig. 7. Discrimination of the rotation of a ring of spots. (a–g) When
the patterns are fixed during training, the bees discriminate irrespec-
tive of the number of spots. (h–i) When the targets are randomly
rotated, they cannot distinguish two spots from three, or three from
four. (j–n) The rings are now placed off-centre, and the target is
rotated every 5 or 10 min by an exact multiple of the angle between
the spots. The positive target always has one spot at the top and the
negative target always has two spots at the top. The spots remain in
their locations if the bee fixates its attention on the ring. Performance
is poor with three, four or five spots, but with a ring of six or seven
spots the bees can fixate and discriminate (for further details, see
Horridge, 2000a).
with patterns of bars (Fig. 6), the orientation cues may
be shuffled laterally and the radial:tangential cues may
be rotated without spoiling the discrimination. These
results are all compatible with the proposed limited
variety of filters.
3.7. Rows of spots
Bees readily discriminate horizontal from vertical
black bars on a white background. The bars are differ-
ently offset from the central reward hole and the targets
are rotated by 180° every 5 or 10 min, which makes the
locations of the bars useless as cues. The bees learn to
discriminate at a high level of performance, 75.4%,
n300, after 3 h training (Fig. 8a).
Next, each bar is broken up into a straight row of
four round spots, with the total area equal to that of
the bar. When the spots are far apart, a new group of
bees cannot learn to discriminate the orientation of the
row (Fig. 8b), but when the spots are almost touching
there are signs that the orientation of the row is distin-
guishable (Fig. 8c). There must be less than 2° separa-
tion between the edges of the spots, as seen from the
baffle, before they are recognized as arranged in a line.
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This limit approaches the lens resolution of the
ommatidia.
The result is similar when the spots are in a double
line on one side of the target (Fig. 8d). As long as the
spots are separate, and their locations are alternated,
the targets are not discriminated.
The explanation is that the edges of a round spot
have no average orientation, so each spot contributes
no orientation cue. For the bees, the only cues are the
spot locations, and these are not fixed. For a line of
separate spots to have orientation, the pattern would
have to be re-assembled before the orientation is de-
tected, or the targets would have to be discriminated
from further away (Horridge, 2000c).
If flying bees know what to look for, they can
discriminate the orientation of a row of spots from
further away in an apparatus without baffles (Srini-
vasan, Zhang & Rolfe, 1993; Zhang & Srinivasan,
1994).
4. Discussion
4.1. Outline of the strategy
The first generalized cue that suggested a filter was
the disruption of the pattern or total length of edge as
the feature discriminated, irrespective of pattern (Zer-
rahn, 1933). This is hardly a convenient way to distin-
guish patterns. There were philosophical discussions
about the ‘goodness’ (Pra¨gnanz) of certain patterns
(Hertz, 1933) notably radial symmetry (Friedlaender,
1931) which can be related to filters. There were mea-
surements of performances in discriminations, as corre-
lated with the overlaps of the areas in the patterns
(Cruse, 1974), but unless the several channels in parallel
are separated, it is hard to infer anything about mecha-
nisms from quantitative data (Horridge, 1999c). Before
1990 the patterns were not randomized to exclude
unwanted cues. Not until 1994 was it clear how filters
account for discrimination of edge orientation (Srini-
vasan et al., 1994) and radial and tangential cues (Hor-
ridge, 1994) in repeatedly shuffled targets.
A filter is a broadly tuned feature detector that
responds with a graded output to the match between
itself and a feature in the image. The field sizes and the
coarse tuning of arrays of filters in parallel are the keys
to understanding vision. The output of a filter identifies
a class of features but passes on nothing about the
location of the feature within its field. Broadly tuned
filters with large fields are indicated when a consistent
cue is abstracted from otherwise randomized patterns in
either training or subsequent tests. This is one aspect of
‘generalization’. All natural and artificial visual systems
have filters at all levels. A filter could be a neurone or
a group of neurones. In the bee, there is abundant
evidence that the resulting representation of the image
is neither complete nor re-assembled.
The present strategy is to discover which pairs of
patterns are discriminated and which are not. From the
results, the existence of filters for certain cues can be
inferred. Failures to discriminate certain pairs of pat-
terns are essential to show that those features by which
they differ are ineffective as cues. This is the only
method of analysis when there is an unknown number
of processing mechanisms in parallel, all fed by an
array of inputs from the same retina. The patterns are
carefully selected, the targets changed every 5 min, and
specific cues are isolated in different experiments. The
use of suitable coloured papers removes the contrast to
green or blue receptors at edges. It is then apparent that
bees locate an area of colour or black if they have a
reference point in the yaw (horizontal) direction with
green contrast (Figs. 2 and 3). Although they readily
discriminate the location of at least one area, they
cannot re-assemble the lay-out of a pattern of edges
(Fig. 6) or spots (Fig. 8). Shuffling the edges of bars
laterally reveals the discrimination of generalized orien-
tation, irrespective of location or reversal of contrast
(Van Hateren et al., 1990). The bees do not use the
locations and orientations of individual bars when there
are two or more on one side of the target (Figs. 4 and
5). Orientation and radial:tangential cues are properties
of edges abstracted by phasic filters, not a perception of
the lay-out of the pattern. Bees are remarkably good at
discriminating the orientation of fuzzy edges (Fig. 5).
Rotating the targets reveals the discrimination of gener-
alized radial and tangential edges (Fig. 6), indicating
filters.
When locations are excluded as cues by shuffling,
and local orientation is excluded by the use of patterns
of round spots, the bees could not learn the global
lay-out of the pattern (Figs. 7 and 8). On the other
hand, they discriminate very well between similar pat-
terns of spots that are fixed during training (Fig. 7a–g).
They discriminate edge orientation and radial:tangen-
tial cues by a phasic colour blind system (Giger &
Srinivasan, 1996; Horridge, 1999a), and they discrimi-
nate translocation of areas in colour by a tonic mecha-
nism that depends on a reference point (Fig. 3), but
they fail to re-assemble the global form of a pattern of
edges or bars from its local features (Fig. 6h,i).
4.2. Fixation, edges and areas
To bring a flower to the same region of the eye where
it was learned, the bee must have a reference point,
possibly the centre or the edges of the flower. Besides
detecting the green contrast against background, the
bees have a fixation mechanism based on radial symme-
try. When a flower pattern is presented horizontally,
the bees cannot depend on edge orientation or relative
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positions of colours as an initial cue because they may
approach from any direction. The flower becomes a
fixed pattern when fixated. Where locations of areas are
not fixed, however, bees can still find phasic cues in the
patterns of contrasts at edges. When the bees have a
reference point, they also discriminate the location of at
least area in colour or black relative to it.
The distinction between edges and areas as separate
stimuli in the visual behaviour of insects was made long
ago. Separate detectors for edges and for areas were
proposed to account for the responses of the wood ant
to nearby objects (Voss, 1967). Like the specific radial
filters proposed here (Figs. 6 and 10e), detectors of
edges at angles of 30°, 60° and 120° were proposed to
account for the responses of the walking stick insect to
side branches of twigs (Jander & Volk-Heinrichs, 1970).
For a recent review, see Horridge (1999c).
In the model of parallel pathways there is a separa-
tion between the tonic channels that locate areas or
spots of black or colour (left side of Figs. 9 and 10a,b)
and the phasic channels that discriminate patterns of
edges with green contrast irrespective of location (right
side of Figs. 9 and 10c–e).
4.3. Summary of the processing interactions
When the eye is stabilized with the help of green
contrast, the location of the cue can be discriminated
relative to the fixation point. The stimulus is then the
steady photon flux at a group of blue and green recep-
tors simultaneously, and the whole pathway is essen-
tially tonic or sustained. Familiar colours are located
irrespective of relative luminance or contrast at edges,
and size is discriminated by this channel (Fig. 10b).
This pathway (left side of Fig. 9) is excluded by shuffl-
ing the locations of areas on the targets.
The phasic system (right side of Fig. 9) depends on
the spatio-temporal detection and then integration of
locally oriented edges (Horridge, 1991). Although the
locations of edges are shuffled, the bees detect orienta-
tional, radial and tangential features of edges, and
discriminate them irrespective of the reversal of con-
trast. Radial or tangential cues can be recognized at
any place on the target but learning and discrimination
of orientation cues is limited to its own side of the
head. Discrimination of these cues can be eliminated by
using patterns with no green contrast, and bees are
colour blind in these tasks (Giger & Srinivasan, 1996;
Horridge, 1999a).
The edge orientation that the bee remembers is an
integration of the orientations with green contrast in
the visual field of an eye. When there are several edges
at different orientations, the orientation detectors can-
not discriminate between different arrangements be-
cause the detectors have coarse angular tuning and
large fields, so that they respond maximally whatever
the orientation of the target (Srinivasan et al., 1994).
The bee has an efficient mechanism for discriminating
the orientation of isolated edges, especially very fuzzy
ones (Fig. 5), but the summation of different edge
orientations over the whole of each eye is extremely
limiting for form vision. The net orientation will be
zero for the edges of a round spot, a square, a square
cross, or any closed figure that has no long axis,
wherever it is situated on the target. After fixation on
the centre, bees discriminate one average orientation on
each side of the target.
When there are black bars on a white background,
even with a fixed target, the bees use the integrated
orientation on each side of the target as a higher
priority cue than the locations of the bars. They see
black spots, and can use their locations if they are fixed
relative to the point of choice during the training, but
the average orientation of each spot is zero. The global
orientation of a straight row of spots or squares is
therefore zero when they are separately resolved, even
in a fixed target, because there is nothing in the summa-
tion of edge detectors to re-assemble the spatial pattern
of areas (Fig. 8b–d).
Fig. 9. The processing channels so far distinguished and assigned to
regions of the optic lobe. At the retina there are three channels.
Below the retina, in the lamina and medulla, there are two main types
of channels, tonic and phasic. The tonic or sustained channels for
location of area and colour are on the left; the phasic or transient
colour-blind channels for edges are on the right. At the lobula level,
the separate channels correspond approximately to types of cues.
Approximate sizes of neurone fields are given in degrees on the left.
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Fig. 10. The main processing channels in parallel. Each of these channels has parallel retinal and lamina inputs. Coarsely tuned neurones carry
the cues to perceptual spaces (triangles) that detect the different combinations of them (signatures). The small circles in the triangles represent
separate signatures, with different ratios of the inputs. The black discs track one input through each channel. (a) Colour discrimination. (b)
Location channels. (c) A single filter for orientation of an edge, plotted as a function of the angle of orientation to show the broad angular tuning.
(d) Three such filters, as in (c), at 60° to each other. (e) Three types of filters, for radial and circular contours and for a vertical axis of bilateral
symmetry. (developed from Horridge, 1994). In this system, there is nothing to re-assemble the image.
4.4. The model with cues and signatures
A model in which many stimuli can be discriminated
by a small number of overlapping broad-band filters is
already familiar for colour discrimination. The colour
signature of a region of the image is represented by one
of the circles within the perceptual space (the triangles
in Fig. 10a). Less noise in relation to the signal means
smaller circles, so that more of them that can be
distinguished from each other. Many different mixtures
of wavelengths can yield the same colour in discrimina-
tion tests. As is well illustrated in human colour vision,
the mix of wavelengths is not recoverable in a discrimi-
nation of colour. The colour signatures, i.e. the circles
within the triangles in Fig. 10a, are distinguished, not
the distributions of wavelengths in the input. The
model is not limited to 2D perceptual space and is
applicable to any kind of cue.
The filters are inferred from the cues, and are
grouped into several subsets, each of which generates a
perceptual space so that all can be represented on a 2D
diagram. The discrimination of spatial pattern is repre-
sented by ratios of outputs of broad-band filters for
spatial cues. The angular location of an area on the eye
is passed through the tonic system into a signature for
a location that is discriminated from signatures for
other locations (Fig. 10b). Discrimination of size lies
within this sub-system, and there may be other path-
ways in parallel.
The phasic system handles relations between edges
(Fig. 10c–e). The responses of three broad-band filters
for orientation feed into a perceptual space which con-
tains the signatures of different edge orientations (Fig.
10d). Three equally spaced orientation filters about 90°
wide in angular tuning are necessary and sufficient
(Srinivasan et al., 1994), and have been recorded (Yang
& Maddess, 1997). Each filter sums all orientation of
edges in its own field, in such a way that similarly
oriented edges are added, but edges at right angles
cancel each other. Many different mixtures of edge
orientation on each side of the target can yield the same
orientation signature and the separate orientations are
not recoverable from the output. As a result, many
patterns that look different to us are not discriminated
by the bees (Horridge, 1996a). Nevertheless, different
average orientations are discriminated very well.
Similarly, the radial and tangential filters (Fig. 10e),
together discriminate many pairs of flower-like pat-
terns, but the separate features in the image and their
locations are not recoverable. These filters are not
excluded by random rotation of the targets during the
training.
The hypothesis of signatures in perceptual space
agrees with an outstanding characteristic of visual dis-
crimination, that it is tolerant of changes in pattern and
persists irrespective of light intensity, motion, flicker,
range or size. The model is economical with filters and
ideal for detecting cues but useless for re-assembly of
the pattern, accounting well for the curious lop-sided
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visual discriminations of bees. The proposed channels
in parallel (Fig. 10) would allow very many patterns to
be distinguished. In agreement with the model, there is
no evidence that bees re-assemble the pattern; they
discriminate the cues that contribute to signatures in a
perceptual space of relatively few dimensions. This
model has been reached by applying logic to the results
of many crucial discriminations, not by looking at the
correspondence between measurements and mathemati-
cal equations. It remains to be seen whether there are
other discriminations that would require an extension
of this model.
4.5. The model interpreted as neurones of the optic
lobe
The formal model of relations (Figs. 9 and 10) is
consistent with the main types and connections of many
of the known neurones of the optic lobe (Fig. 11). The
tonic and phasic channels in the insect optic lobe, for
example, the sustained or transient neurones of the
medulla, are matched to the two main features of visual
scenes, areas and edges (Osorio, Snyder & Srinivasan,
1987).
An array of photoreceptors with fields of view about
2° wide are separated in the vertical direction by about
1° and horizontally by about 2° in the bee. The green
sensitive receptors are the most abundant in the eye.
They adapt slowly to background intensity and connect
with large lamina monopolar cells which adapt rapidly
to a sustained input in all insects investigated. This
phasic pathway is specialized for high sensitivity and
reduction of intrinsic noise (Laughlin, 1994).
The large lamina monopolar cells respond to modu-
lation as the green receptors pass an edge, but not to
steady photon flux as the eye moves over a uniform
area. In the model (Fig. 11), short rows of lamina cells
converge upon third-order neurones, which therefore
respond to particular local orientations of edges, some
black:white and others white:black (Horridge, 1991).
These two sets of phasic edge detectors are summed
together into the transient cells (see below). The detec-
tion of edges with green contrast has the resolution of
the optics of a single ommatidium (Srinivasan &
Lehrer, 1988).
Numerous overlapping retinotopic arrays of neu-
rones of the insect medulla, called transient cells, have
receptive fields from 2 to 20°. These (in the locust)
respond to the movement of an edge irrespective of the
direction of contrast (Osorio, 1987a,b). The transient
cells are phasic and respond almost equally to ON and
OFF with a precise latency, as expected if ON and OFF
pathways are jointly processed (Cavanagh, Brussell &
Stober, 1981) by rectifying neurones (Hochstein &
Shapley, 1976). A subliminal ON and an OFF pre-
sented to adjacent facets sum together and generate a
response. Thresholds are very low: a 2° spot presented
for 5 ms at a contrast of 1% gives a reliable response.
The transient cells adapt to contrast and then respond
again when contrast is increased, showing that they
have an adjustable threshold to contrast level. These
are the marks of edge detectors, in which the threshold
must be adjustable to just above noise level for opti-
mum efficiency. That bees learn to ignore the reversal
of the polarity of the edge (Fig. 5a) helps to explain the
curious properties of the transient cells.
Groups of transient cells with the same orientation
feed into collector neurones with large fields (Yang &
Maddess, 1997), which respond to the average orienta-
tion of edges, irrespective of polarity (Maddess, Davey
& Yang, 1998) or exact position in the pattern (Figs. 4,
5 and 8a). There must be at least three classes of these
orientation neurones (Fig. 10d) with preferred orienta-
tions at 120° to each other (Srinivasan et al., 1994).
These collector neurones respond to edge orientation
by integration over a large field.
At present, it is not clear whether the fixation point is
anatomically fixed, for example on the midline, or
whether it is a volatile centre of attention. Either way,
it is proposed that the local edge detectors also feed
into an array of detectors of edges that radiate out
from the fixation point and detect radial patterns of
Fig. 11. The successive layers in the phasic visual processing of
orientation as inferred from anatomy and electrophysiology. Each eye
functions separately. (a) Outputs from the green receptors feed
through lamina ganglion cells into unit edge detectors which respond
to a particular orientation and polarity of an edge (Horridge, 1991).
(b) There are at least three groups of phasic edge detectors with axes
at 120° to each other, which collect the local orientations cues and
feed them separately into large-field neurones.
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edges (Fig. 6). The local edge detectors also feed into an
array of large-field detectors of tangential edges, as
shown by the discrimination of rings and object size.
The channels for large-field detectors of radial and
tangential edges (Fig. 9) can also be visualized as
having inputs from rows of transient cells that lie in the
hexagonal array of the medulla (Fig. 10e).
The tonic type of medulla neurone (of the locust)
gives approximately linear sustained responses to sus-
tained illumination, but no additional response to OFF.
Spatial fields are of all sizes, with summation of several
stimuli within the field. The variety of field sizes means
that features of different sizes can be discriminated
without correlations between different neurons. Unlike
the phasic edge detector pathway, the input to the
sustaining cells comes from all three types of receptors.
Many types of neurones with various spectral sensitivi-
ties are found in the medulla of the bee, a great variety
with antagonistic responses to two or three wavelengths
(Hertel, 1980; Hertel & Maronde, 1988), as if different
groups of them detect different combinations of wave-
lengths. These are properties to be expected of detectors
of areas of different sizes and colours, but their fields
are too large to account for the excellent resolution of
coloured gratings or coloured sector patterns without
green contrast (Srinivasan & Lehrer, 1988; Horridge,
1999b).
The posterior optic commissure connecting the
medulla to that of the opposite side also contains
sustaining cells with localized spatial fields and antago-
nistic spectral sensitivities. There are many large neu-
rones with a similar range of properties running
centrally in tracts from the medulla (Hertel & Maronde,
1987). Almost all of these cells have very large fields,
which suggests that their signal is not referred to local
regions and that they do not participate in a spatial
re-assembly of the image.
At the lobula level in the bee we find several types of
colour blind orientation-detector neurones with axes at
angles to each other (Yang & Maddess, 1997). They are
coarsely tuned in orientation (Fig. 10c) and have large-
fields that cover the whole of one eye. Some of them lie
in the anterior superior optic tract which distributes
many neurones from the lobula to the calyces of the
mushroom bodies (Mobbs, 1982).
This neuronal model has been put together from the
known anatomy and physiology. Many of the proper-
ties of the visual cues that the bees use turned out to
correspond to properties of neurones. The inability of
the bees to re-assemble the image agrees with the
progressively larger fields and task-dedicated properties
of the neurones, and in the lack of feedback or lateral
loops that could organize an internal image. The neu-
rone properties support the view that bees discriminate
cues by using several channels in parallel, but suggest
nothing about re-assembly of the pattern.
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